Oxygen removal from metallic Ti is extremely difficult and, currently, there is no commercial process for effectively deoxidizing Ti or its alloys. The oxygen concentration in Ti scraps is normally higher than that in virgin metals such as in Ti sponges produced by the Kroll process. When scraps are remelted with virgin metals for producing primary ingots of Ti or its alloys, the amount of scrap that can be used is limited owing to the accumulation of oxygen impurities. Future demands of an increase in Ti production and of mitigating environmental impacts require that the amount of scrap recycled as a feed material of Ti ingots should also increase. Therefore, it is important to develop methods for removing oxygen directly from Ti scraps. In this study, we evaluated the deoxidation limit for b-Ti using Y or light rare earth metals (La, Ce, Pr, or Nd) as a deoxidant. Thermodynamic considerations suggest that extra-low-oxygen Ti, with an oxygen concentration of 100 mass ppm or less can be obtained using a molten salt equilibrating with rare earth metals. The results presented herein also indicate that methods based on molten salt electrolysis for producing rare earth metals can be utilized for effectively and directly deoxidizing Ti scraps.
I. INTRODUCTION
METALLIC Ti has a strong binding affinity with oxygen. [1] Furthermore, as shown in Figure 1 , oxygen is highly soluble in metallic Ti. [2, 3] At 1300 K (1027°C), the solubility limit of oxygen in b-Ti is approximately 1 mass pct and in a-Ti, the solubility of oxygen is as high as 14 mass pct. Due to these inherent properties, it is well known that deoxidation of metallic Ti is extremely difficult.
Oxygen dissolved in metallic Ti cannot be removed by employing vacuum melting processes such as electron beam melting and vacuum arc melting. The oxygen content in Ti usually increases during melting, casting, and machining processes. As shown in Figure 2 , [4] the oxygen content in typical Ti scrap is usually higher than in virgin metals (300 to 2000 mass ppm) for producing ingots, such as the Ti sponge produced by the Kroll process. Ti scraps often contain oxygen concentrations ranging between 2000 and 4000 mass ppm (0.2 to 0.4 mass pct). Considering the high production cost of metallic Ti, it is desirable to remelt scraps with virgin metals to produce primary ingots of Ti or its alloys. However, the usage of scrap as a raw material increases the oxygen level of the resultant Ti ingots. Commercial processes that can effectively and directly deoxidize Ti have not yet been established. Therefore, scraps with relatively high oxygen contents cannot be reused as raw material for the production of Ti ingots.
The demand for Ti and its alloys has been increasing in various fields and particularly in the aerospace industry. Thus, the recycling of Ti scraps as a raw material for primary ingots has become more important, and the development of effective deoxidation processes for Ti scraps is essential to meet the future demand. Significant attention has been focused on developing methods for the direct removal of oxygen from Ti, and many techniques have been proposed and examined. For example, there are many reports on the deoxidation of solid Ti using Ca as a deoxidant. [7] [8] [9] [10] [11] [12] [13] [14] [15] 20, [24] [25] [26] [27] 29, [33] [34] [35] 37] Oxygen removal during melting process using Ca, [31, 32] Al, [28] and H 2 [30, 36] as deoxidants was also studied. More recently, deoxidation with Mg under a H 2 atmosphere was reported and gained a significant amount of attention in the field. Figure 3 illustrates the principles of representative deoxidation methods that can remove oxygen directly from solid Ti. [6] Based on the reactions shown in Figure 3 , the oxygen concentration in Ti can be reduced to 500 mass ppm or less in principle. However, the deoxidation techniques involving these reactions have drawbacks limiting their practical application. For example, solid-state electrotransport (Figure 3(a) ) has considerable limitations in terms of the initial impurity level and sample geometry, and is only applicable to the production of small high-purity specimens. As for deoxidation based on metal/metal oxide equilibria (Figure 3(b) ), the number of potential deoxidants is limited. Furthermore, this technique is not suitable for removing large amounts of oxygen. In the past, the RMI Titanium Company (USA) developed an industrial deoxidation process known as the DOSS process that is based on deoxidation using a Ca/CaO equilibrium. [15] However, to the best of our knowledge, the DOSS and similar processes are not currently used on an industrial scale. In calcium-halide flux deoxidation (Figure 3(c) ), the oxygen level of Ti can be reduced to approximately 50 mass ppm because the activity of the deoxidation reaction product (CaO) decreases as a result of dissolution into the molten salt flux. [10, 12, 13, 29] However, the ultimate deoxidation limit depends on the amount of deoxidation products generated during processing and on the amounts of oxygen impurities present in the used flux. Therefore, the removal of a large amount of oxygen is difficult using this process. When the electrochemical deoxidation method (Figure 3(d) ) is used, the accumulation of oxygen impurities in the reaction system can be prevented because the O 2À generated from the Ti scarp can be removed via conversion to CO x gas at the carbon anode. [5, 16] However, the drawbacks of high electricity consumption and long processing times are often encountered when employing this method. It is also noteworthy that new Ti reduction processes, such as the FFC [42] and OS [43] processes, have been developed based on electrolysis in the CaCl 2 molten salt.
Rare earth metals exhibit extremely strong binding affinities to oxygen and are strong deoxidants. For example, under the Y/Y 2 O 3 equilibrium at approximately 1200 K (927°C), Ti with 100 mass ppm of oxygen impurities can be obtained. [6, 21] Furthermore, the possibility of deoxidation by equilibrating in the presence of rare earth metals (M), their chlorides (MCl 3 ), and their oxychlorides (MOCl) has been previously investigated. [20] For example, the chemical potential of oxygen (oxygen partial pressure, p O 2 ) under the Nd/NdOCl/NdCl 3 equilibrium, was reported to be as low as 10 À51 atm at 1100 K (827°C). This low p O 2 atmosphere would be ideal for deoxidizing Ti.
The above-mentioned studies suggest that rare earth metals can be used as effective deoxidants for Ti. However, only recently industrial production processes for rare earth metals have been developed, precluding the practical utilization of rare earth metals for deoxidizing Ti in the past.
During the last 30 years, the demand for rare earth alloy magnets has been steadily increasing. [44] As a result, the production of rare earth metals and their alloys has been increasing to meet the demand. In particular, the production of Y and light rare earth metals such as La, Ce, Pr, and Nd has increased significantly. Currently, Y and light rare earth metals have the potential to be used as deoxidants in industrial Ti deoxidation processes. The demand for rare earth metals such as Y is relatively low compared to Nd, and continued improvements in their production processes may result in excess supply in the future. It also should be noted that when rare earth metals are used for deoxidizing scraps, the reaction products, such as rare earth metal oxides and oxychlorides, can be reused as raw materials for the production of rare earth metals.
In most cases, rare earth metals and their alloys are produced by molten salt electrolysis. [44, 45] Figure 4 shows an image and schematic of a typical industrial electrolysis cell for producing rare earth metals. Table I lists the typical conditions used in industrial electrolysis. [44, [46] [47] [48] In current industrial processes, rare earth oxides are often added to molten fluoride (in a MF 3 -LiF-based bath) as a feed material and are reduced electrochemically. Rare earth metals can also be obtained by molten chloride electrolysis. In the past, mischmetal, which is a mixture of rare earth metals, was commercially produced by molten chloride electrolysis. However, owing to technical issues such as low energy efficiency, chloride electrolysis is rarely used nowadays for producing rare earth metals.
The production capacity of rare earth metals using molten salt electrolysis has been steadily increasing, and overproduction of Y and other light rare earth metals may occur in the future. In light of this prospect, in this study, the deoxidation limit for b-Ti was analyzed when using Y or light rare earth metals (La, Ce, Pr, or Nd) as deoxidants. Furthermore, the feasibility of Ti scrap deoxidation using industrial electrolysis techniques is discussed. Table II lists the standard Gibbs energies of formation (DG f;i ) for the rare earth oxides, chlorides, and oxychlorides used in this study. The reliability of the reported thermodynamic data for rare earth compounds is often low. In particular, the data for MOCl have significant uncertainty because the research on MOCl has been quite limited. The thermodynamic data for YOCl used in this study were reported by Patrikeev et al. in 1973 . [49] The data for LaOCl and NdOCl were extracted from the database. [1] The thermodynamic data for CeOCl and PrOCl are quite limited. In this study, the DG f;i for CeOCl and PrOCl have been assessed based on the standard enthalpy of formation at 298 K (25°C) of the corresponding compounds (DH f;i;298K ) [50] and the Gibbs energy function of the formation of LaOCl (Dgef LaOCl ). Dgef LaOCl at the absolute temperature T can be calculated using the DG f;LaOCl at T and DH f;LaOCl;298K
II. PHASE DIAGRAMS AS A FUNCTION OF CHEMICAL POTENTIAL OF OXYGEN AND CHLORINE
derived from the database [1] as follows:
The DG f;i values for CeOCl and PrOCl shown in Table II were calculated as follows:
Figures 5 through 9 show the chemical potential diagrams of the M-O-Cl systems at 1300 K (1027°C), Table II . Table II were assumed to be established at 1300 K (1027°C). Table II . Temperature dependence of DG f;Ce 2 O3 shown in Table II was assumed to be established at 1300 K (1027°C). Table II. determined Table III , rare earth metals dissolve in Ti up to a limit of several mass pct at approximately 1300 K (1027°C). [3] Therefore, when these rare earth metals with high solubility in Ti are used as deoxidants, they might contaminate the final Ti product. After the deoxidation treatment, the Ti scrap is expected to be remelted under vacuum by electron beam melting or another melting method to produce the Ti ingots.
During this remelting process, rare earth metals contaminating the Ti scrap might be evaporated and removed.
III. THE DEOXIDATION LIMIT OF B-TI UNDER THE EQUILIBRIUM OF RARE EARTH METALS AND THEIR OXIDES
In this section, the deoxidation limits for reactions yielding rare earth oxides (M 2 O 3 ) are discussed (see Figure 3(b) ). The deoxidation reaction of Ti by rare earth metals can be expressed by the following reaction: , listed in Table II ) and calculated as follows: values calculated from Eq. [11] .
When the oxygen dissolved in b-Ti is assumed to obey Henry's law (f O = 1), and when the a M and a M 2 O 3 are given, the oxygen concentration in b-Ti under the M/ M 2 O 3 equilibrium can be calculated from Eq. [12] . Table V 
IV. THE DEOXIDATION LIMIT OF B-TI USING THE REACTION FOR PRODUCING RARE EARTH OXYCHLORIDES
In this section, the deoxidation limit of b-Ti using the oxygen removal reaction where the oxygen is eliminated as a rare earth oxychloride (see Figure 3 (e)) is evaluated. As shown in Figures 5 through 9 , the value of p O 2 determined by the M/MOCl/MCl 3 equilibrium (point B) is lower than that determined by the M/M 2 O 3 equilibrium (line A). Hence, deoxidation in molten MCl 3 using M as the deoxidant is likely to more efficiently reduce the oxygen levels in Ti.
The deoxidation reaction during which the oxygen in Ti is converted into MOCl can be expressed as follows: The p O 2 determined by the M/MOCl/MCl 3 equilibrium can be expressed as follows:
Points B in Figures 5 through 9 correspond to the p O 2 when the temperature is 1300 K (1027°C) and a M , a MCl 3 , and a MOCl are unity. According to Eqs. [5] and [14] , the thermodynamic parameters for the deoxidation reaction that yields MOCl can be calculated as follows: Table II. It is assumed that an excess amount of M and MCl 3 is present in the reaction system (a M = 1 and a MCl 3 = 1) and that the oxygen in b-Ti obeys Henry's law (f O = 1). Under these assumption, the oxygen concentration in b-Ti under the M/MOCl/MCl 3 equilibrium can be calculated from Eq. [19] at a given a MOCl and T. Table VII lists the calculated results obtained for a MOCl = 1. As shown in Table V , light rare earth metals (La, Ce, Pr, and Nd) are less powerful deoxidants than Y. However, under the M/MOCl/MCl 3 equilibrium, the oxygen concentration in Ti can be reduced to 200 mass ppm or less at 1300 K (1027°C) when using a light rare earth metal as a deoxidant.
V. VAPOR PRESSURE OF RARE EARTH CHLORIDES
Ti scraps often have a complex surface structure. After Ti scraps are deoxidized using molten chloride and then removed from the molten salt bath, a significant quantity of salt is likely to remain attached to their surfaces. Metal chlorides attached to the scrap surfaces can subsequently be removed by wet processing. However, this treatment increases the cost associated with processing, because a significant amount of waste solution is generated. Furthermore, the concentration of oxygen in the Ti scraps would likely increase during wet processing. Hence, in the following section, the removal of attached salts using evaporation is discussed. Figure 10 shows the vapor pressures of some rare earth chlorides as a function of temperature. [1, 51] MgCl 2 can be easily separated from metallic Ti by evaporation because its volatility is sufficiently high. In fact, during Ti smelting based on the Kroll process, MgCl 2 that is generated as a by-product of the Ti reduction step was separated from the Ti sponge by evaporation. [52] Compared with the vapor pressure of MgCl 2 , that of YCl 3 is nearly one order of magnitude lower. Furthermore, the vapor pressures of LaCl 3 , CeCl 3 , PrCl 3 , and NdCl 3 are nearly two orders of magnitude lower than that of MgCl 2 . Therefore, it is considerably more difficult to remove rare earth chlorides by evaporation. For cleaning the surfaces of scraps after the deoxidation process, rinsing the MOCl and MCl 3 using molten MgCl 2 , followed by evaporation may be an effective removal method. Figure 11 shows the relationship between the oxygen concentration in b-Ti and p O 2 between 1200 and 1500 K (927 and 1227°C). The data at 1400 and 1500 K (1127 and 1227°C) were calculated by extrapolating the thermodynamic data in Eq. [7] . [9] In Figure 11 , the theoretical oxygen concentration in b-Ti under the M/ M 2 O 3 and M/MOCl/MCl 3 equilibria (see Tables V and  VII) and the Ca/CaO equilibrium [1] are plotted together. .
VI. DEOXIDATION OF TI USING MOLTEN SALT ELECTROLYSIS OF RARE EARTH METALS
- In Figure 12 , the oxygen concentration in b-Ti under the M/M 2 O 3 and M/MOCl/MCl 3 equilibria are plotted as a function of temperature.
As can be seen in Figures 11 and 12 , the oxygen levels in Ti can be reduced below 500 mass ppm by using the Y/Y 2 O 3 equilibrium. Meanwhile, when the activity of the reaction product M 2 O 3 (a M 2 O 3 ) is unity, the oxygen concentration in Ti cannot be reduced under 1000 mass ppm by using La, Ce, Pr, or Nd as a deoxidant. Currently, rare earth metals are produced by oxide electrolysis in a molten fluoride bath, as shown in Table I and Figure 4 . In this industrial electrolytic cell, the pure metal or alloy of rare earths is deposited on the cathode. Furthermore, the value of a M 2 O 3 can be maintained at less than 1, because the molten fluoride acts as a flux for M 2 O 3 . In particular, the value a M 2 O 3 around the cathode is estimated to be quite low. Therefore, the industrial electrolytic cell is expected to be applicable for the efficient deoxidation of Ti scraps, and low oxygen Ti may be obtained even when light rare earth metals, such as Nd, are used as a deoxidant.
The oxygen level in Ti can be reduced below 500 mass ppm by utilizing the M/MOCl/MCl 3 equilibrium. Especially, under the Y/YOCl/YCl 3 equilibrium the oxygen level, in principle, can be reduced to 10 mass ppm or less at approximately 1300 K (1027°C). During the electrolysis of molten chloride to yield rare earth metals, the M/MOCl/MCl 3 equilibrium is expected to be established around the cathode. Hence, when Ti scraps can be kept near the cathode, oxygen impurities will be removed efficiently. However, it is essential to monitor for the contamination of the Ti scraps by the rare earth metals used in this process (see Table III ).
Figures 11 and 12 also indicate that deoxidization is likely to be more effective at lower temperatures when the same deoxidant is used. However, the diffusion rate of oxygen in Ti is much slower at lower temperatures. [53] Therefore, the optimal process temperature is estimated to be around 1300 K (1027°C), which corresponds to the operational temperature of electrolysis of rare earth metals. The production volume and global production capacity for rare earth metals by molten salt electrolysis are expected to continually increase as the related technologies are further developed. Therefore, it will be industrially feasible to achieve the deoxidation of Ti scraps utilizing electrolysis techniques for producing rare earth metals.
When Ti scraps are deoxidized by using the molten salt electrolysis used for producing rare earth metals, the oxygen in the scrap is dissolved as O 2À in the molten salt and then removed as CO x gas at the carbon anode. Thus, the accumulation of oxygen in the molten salt can be prevented. The oxygen removal capacity of this electrochemical deoxidation technique is inherently high, and Ti with extremely low oxygen content can be obtained. However, when deoxidation is performed in currently used electrolysis cells, large-scale processing may be technically difficult due to the limitations on the placement of electrodes and their co-localization with Ti scraps. It is also possible to deoxidize Ti scraps using rare earth metals that are separately produced by an electrochemical or other methods. The deoxidation limit when using a rare earth metal is high compared to the electrochemical method because of the accumulation of the deoxidation product. However, this chemical deoxidation technique is advantageous for processing a large amount of scraps and preventing contamination by other impurities.
VII. CONCLUSION
From a thermodynamic viewpoint, the possibility of the direct removal of oxygen from b-Ti using Y and light rare earth metals (La, Ce, Pr, and Nd) as deoxidants was discussed. Under the Y/Y 2 O 3 equilibrium at 1300 K (1027°C), a highly reducing atmosphere with an oxygen partial pressure of 10 À41 atm can be obtained, facilitating the reduction of oxygen concentration in Ti to 200 mass ppm. Moreover, under the Y/YOCl/YCl 3 equilibria at 1300 K (1027°C), an oxygen partial pressure lower than that of the Y/Y 2 O 3 equilibrium can be achieved, and the oxygen level in Ti can be theoretically reduced to 10 mass ppm or less. Light rare earth metals were shown to be weak deoxidants compared with Y. In the case of the M/M 2 O 3 equilibrium under 1300 K (1027°C ) and when the activity of the reaction product (M 2 O 3 ) is unity, the oxygen concentration in Ti cannot be reduced under 1000 mass ppm by using La, Ce, Pr, or Nd as a deoxidant. However, under the M/MOCl/MCl 3 equilibrium, the oxygen concentration in Ti can be reduced to 200 mass ppm or less using La, Ce, Pr, or Nd as a deoxidant. These results suggest that deoxidation of Ti scraps can be performed using molten salt electrolysis of Y or light rare earth metals in the future.
